Introduction
Allogeneic hematopoietic cell transplantation (allo-HCT) often represents the only therapeutic option to cure severe hematopoietic diseases. The overall outcome of allo-HCT is largely determined by the frequency of relapses of the malignant disorder and the severity of infection-or graft-versus-host disease-associated (GVHD-associated) complications (1) (2) (3) . Especially severe forms of intestinal GVHD are associated with high mortality rates (4) . Donor T cells have been shown to critically promote inflammation that induces fatal GVHD-associated tissue damage manifesting, for example, in the gut (intestinal GVHD) (1, 3) . While these observations indicate that T cells represent a potential target to mitigate GVHD development and severity, detailed knowledge on the cues driving donor T cell differentiation into GVHD-mediating effector cell subsets is still limited.
We have previously identified the AP-1 transcription factor basic leucine zipper transcription factor ATF-like (BATF) to be a critical regulator of Th17 development and a promoter of colitisassociated carcinomas (5, 6) . Among Th cell subsets, Th17 cells have been implicated in the mediation of tissue destruction in a wide range of inflammatory diseases including inflammatory bowel disease (IBD) (7) (8) (9) . In support of the functional relevance of Th17 cell biology in intestinal inflammation, specific targeting of the Th17 differentiation-regulating transcription factor RORγt limited experimental colitis (7, 10) . However, whether alloreactive Th17 cells promote GVHD-associated intestinal inflammation is a matter of controversy, since independent studies yielded partially contradictory results (7) (8) (9) (11) (12) (13) (14) (15) .
In this study, we sought to functionally assess the T cell-intrinsic role of BATF in acute murine GVHD model systems. We found that BATF-expressing T cells are indispensable for intestinal GVHD development. However, to our surprise, our mechanistic studies revealed that BATF controlled the formation of a distinct IL-7 receptor (IL-7R) signaling-responsive GM-CSF + T cell subset, thus opening up new avenues for therapeutic interventions to attenuate intestinal GVHD.
Results

BATF-expressing donor T cells control acute GVHD. Interestingly, gene expression-profiling experiments revealed enhanced BATF transcript levels within intestinal GVHD-affected compared with
Acute graft-versus-host disease (GVHD) represents a severe, T cell-driven inflammatory complication following allogeneic hematopoietic cell transplantation (allo-HCT). GVHD often affects the intestine and is associated with a poor prognosis. Although frequently detectable, proinflammatory mechanisms exerted by intestinal tissue-infiltrating Th cell subsets remain to be fully elucidated. Here, we show that the Th17-defining transcription factor basic leucine zipper transcription factor ATFlike (BATF) was strongly regulated across human and mouse intestinal GVHD tissues. Studies in complete MHC-mismatched and minor histocompatibility-mismatched (miHA-mismatched) GVHD models revealed that BATF-expressing T cells were functionally indispensable for intestinal GVHD manifestation. Mechanistically, BATF controlled the formation of coloninfiltrating, IL-7 receptor-positive (IL-7R + ), granulocyte-macrophage colony-stimulating factor-positive (GM-CSF + ), donor T effector memory (Tem) cells. This T cell subset was sufficient to promote intestinal GVHD, while its occurrence was largely dependent on T cell-intrinsic BATF expression, required IL-7-IL-7R interaction, and was enhanced by GM-CSF. Thus, this study identifies BATF-dependent pathogenic GM-CSF + effector T cells as critical promoters of intestinal inflammation in GVHD and hence putatively provides mechanistic insight into inflammatory processes previously assumed to be selectively Th17 driven.
BATF-dependent IL-7R hi GM-CSF + T cells control intestinal graft-versus-host disease
Consecutively, we assessed the role of BATF in a minor histocompatibility-mismatched (miHA-mismatched) GVHD model system. To this end, we transplanted WT or Batf -/-allogeneic T cells into irradiated BALB.b (H-2 b ) mice (16) . Importantly, BATF deficiency attenuated both the clinical score and signs of intestinal GVHD ( Figure 4 , A and B, and Supplemental Figure 3A ), while GVHD-associated liver histopathology was indistinguishable between WT and Batf -/-T cell-treated mice ( Figure  4C and Supplemental Figure 3B ). Together, donor T cell-intrinsic BATF critically promotes intestinal GVHD in both complete MHC-and miHA-mismatched model systems.
BATF drives the formation of a GVHDpromoting T cell pool distinct from Th17 cells. To shed light on the underlying mechanisms, we first excluded the possibility that Batf -/-CD3 + donor T cells either contained greater numbers of memory cells prior to transfer or preferentially differentiated into FoxP3 + Tregs after transfer (Supplemental Figure 4 , A and B) (17, 18) . Second, we explored the possibility that altered in vivo expansion, intestinal homing, or tissue migration accounted for attenuated GVHD formation in the absence of BATF (9, 16, 19) . Using both bioluminescence imaging and flow cytometry, we observed comparable in situ T cell expansion and gut-homing receptor expression profiles in both the mesenteric lymph node (MLN) and colonic lamina propria (cLP) within the first 2 weeks after allo-HCT, resulting in a BATF-independent pool of proliferating Ki-67 + cLP T cells ( Figure 5 , A-E, and Supplemental Figure 5 , A and B). Intravital confocal microscopy studies revealed that cotransferred WT and Batf -/-donor T cells homed and transmigrated to the colonic tissue in an indistinguishable manner ( Figure 5F ). Together, these results largely exclude defective proliferation, gut imprinting (19) , and transmigratory behavior as key mechanisms underlying abrogated intestinal GVHD in the absence of BATF. However, upon clinical disease onset on day 15, we observed that further donor T cell expansion was hampered in mice receiving BATF-deficient T cells ( Figure 5 , A, B, and E), implying that this failure might be secondary to the inability of T cells to mediate intestinal GVHD. To evaluate this option, we characterized the T cell response in more detail. Sort-purified CD4 + cLP-resident donor T cells on day 15, i.e., around GVHD onset, expressed expectedly low Il17a levels in the absence of BATF, while IFN-γ and TNF-α gene and protein expression, respectively, in both MLN-and cLP-resident T cells was regulated in a BATF-independent manner ( Figure 6 , A-C). In striking contrast, BATF deficiency abrogated donor T cell-intrinsic IL-6 and GM-CSF transcript and protein expression levels during early-phase (day 15) and latephase (day 30) GVHD ( Figure 6 , A-E). Interestingly, CD4 + T cells represented the primary source of T cell-derived GM-CSF ( Figure  6F ). And importantly, BATF-dependent regulation of GM-CSF expression was due to a cell-intrinsic mechanism ( Figure 6G ) and encompassed multiple IFN-γ-and TNF-α-coexpressing subsets, while GM-CSF -T cell subsets remained largely unaffected -unaffected colonic tissues from allo-HCT patients. Upregulated BATF expression was associated with an increased prevalence of apoptotic cells, indicating a more severe intestinal GVHD course ( Figure 1, A and B) . Similarly, we detected increased colonic Batf colonic tissue expression levels over the course of acute, GVHD-induced colitis in a mouse model of complete MHCmismatched bone marrow transplantation (allo-BMT) plus allogeneic T cell transfer ( Figure 1C and Supplemental Figure 1 ; supplemental material available online with this article; https://doi. org/10.1172/JCI89242DS1). Overall, these observations imply an across-species conserved regulation of BATF expression during acute GVHD-associated colitis.
To test the functional relevance of this finding, we compared GVHD development following transplantation of allogeneic WT and Batf -/-donor CD3 + T cells in a complete MHC-mismatched setting. Importantly, up to 67 days after allo-HCT, Batf -/-T cells elicited only mild clinical GVHD and allowed normal immune reconstitution and long-term survival compared with that observed in WT T cell-recipient mice ( Figure 2 , A and B, and Supplemental Figure 2A ). Donor T cell-restricted BATF deficiency significantly diminished endoscopic signs of colitis at the onset (day 15) and macroscopic (colon length), endoscopic, and histologic signs of intestinal inflammation at full clinical manifestation (day 30) of GVHD ( Figure 2 , A-E, and Supplemental Figure 2 , A-C), indicating overall that BATF-dependent T cells are critical mediators of GVHD-mediated tissue damage affecting predominately lymphoid organs and the intestines. Interestingly, Il6, but not Tnfa or Il17a, colon tissue expression levels were hampered in the absence of BATF-expressing T cells ( Figure 3A) . Similarly, Batf -/-T cells failed to upregulate systemic IL-6 serum levels, while TNF-α and IL-17A levels were largely indistinguishable between WT and Batf -/-donor T cell-receiving mice ( Figure 3B ). Quantitative gene expression analyses of human BATF transcripts in colonic tissue biopsies derived from allo-HCT patients. Samples were categorized by (A) the histopathologic absence (-GVHD, n = 30 samples) or presence (+GVHD, n = 22 samples) of GVHD-associated lesions and by (B) the absence (-Apoptosis, n = 32 samples) or presence (+Apoptosis, n = 20 samples) of GVHD severity-related epithelial cell apoptosis. Data represent the mean ± SEM of normalized relative BATF expression levels calculated from a standard curve. (C) Murine Batf gene expression kinetics in colonic tissue from GVHD-induced mice (days 15 and 30) after transplantation of 5 × 10 6 allogeneic T cell-depleted CD45.1 B6.SJL WT BM on day 1 into total body-irradiated (8 Gy) BALB/c mice the day before, followed by adoptive transfer of 0.7 × 10 6 C57Bl/6 alloreactive WT donor CD3 + T cells (WT) or no T cells (noT) on day 2. Gene expression levels in colonic tissue represent the normalized relative fold-change in expression compared with day-15 colonic tissue expression in mice without donor T cell transfer (noT), with the expression level arbitrarily set at 1. Data represent the mean ± SEM and were derived from day-15 noT (n = 13) and WT (n = 14) and from day-30 noT (n = 15) and WT (n = 12) individual mice per group and are derived from at least 3 independent experiments. **P < 0.01, ***P < 0.001, and ****P < 0.0001, by unpaired, 2-sided Student's t test (A and B) and 1-way ANOVA with Bonferroni's multiple comparisons post test (C). + cells/HPF representing pooled data for 7 to 8 mice per group from 3 independent experiments. Data represent the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by 2-sided, unpaired Student's t test (A) and 1-way ANOVA with Bonferroni's multiple comparisons post test (B-E). Consistent with an activated and proinflammatory state, the majority of IL-7R hi GM-CSF + T cells coexpressed IFN-γ and TNF-α or expressed either cytokine alone in a largely BATF-independent manner (Supplemental Figure 9, A hi expression status of intestinal donor T cells, we reasoned that IL-7-IL-7R interaction is required for the expansion and/or maintenance of GVHD-promoting GM-CSF + donor T cells, putatively providing a mechanistic explanation for the incomplete GVHD protection in the absence of Csf2 -/-compared with Batf -/-T cells. To directly address this hypothesis, we treated GVHD-prone mice with an anti-IL-7R antibody until day 15, i.e., around clinical GVHD onset, alone or in combination with a GM-CSF-blocking antibody that was given over the entire course of the experiment. GVHD formation was compared with isotype IgG-treated mice and with untreated mice given Batf -/-donor T cells alone (Supplemental Figure 10A ). Importantly, IL-7R blockade alone transiently attenuated GVHD ( Figure 9A ). However, treatment discontinuation resulted in a relapse of systemic and intestinal GVHD (Figure 9 , A-C). In contrast, combined antibody-mediated IL-7R and GM-CSF blockade strongly and persistently suppressed systemic and intestinal GVHD and resulted in overall improved survival, indicating a beneficial, putative sequential cooperativity of both interventional strategies ( Together, our data demonstrate that T cell-derived GM-CSF promotes acute GVHD, thereby affecting survival as well as systemic and intestinal manifestations.
BATF controls the formation of an IL-7R
hi GM-CSF + T cell pool. Having shown that BATF identified to control the GM-CSF + donor T cell pool in vivo, we studied whether IL-7-driven GM-CSF + T cell formation was affected in the absence of BATF (20) . While IL-7R/Il7r expression kinetics was unaltered in vitro, the pool of IL-7-induced GM-CSF + T cells was diminished in the absence of BATF after 5 days of culture ( Figure 8A , and Supplemental Figure  8 , A and B). Consistent with this in vitro kinetics, we found that, already by day 7, i.e., 5 days after T cell transfer, the in vivo pool of intestinal GM-CSF + donor T cells was reduced in the absence of T cell-intrinsic BATF expression in GVHD-prone mice (Figure 8B) . However, further studies revealed that both the median fluorescence intensity of the IL-7R expressed by GM-CSF + donor . Gene expression levels were normalized to the expression levels that were detected on day 15 in the noT mice, with an arbitrarily determined expression level of 1. Error bars represent the mean ± SEM of pooled data from at least 3 independent experiments. Results represent Il6 expression (n = 13 noT, n = 12 WT, and n = 11 Batf -/-mice/ time point); Tnfa expression (n = 8 noT, n = 10 WT, and n = 11 Batf -/-mice/time point); and Il17a expression (n = 4 noT, n = 10 WT, and n = 11 Batf -/-mice/time point). (B) IL-6, TNF-α, and IL-17A serum cytokine levels in the mice described in A were assessed by flow cytometry on days 7, 10, 15, and 30. Error bars represent the mean ± SEM. Results represent pooled data from 3 independent experiments for IL-6 measurements (n = 7 noT, n = 8 WT, and n = 12 Batf -/-individual mice/time point); TNF-α measurements (n = 3 noT, n = 4 WT, and n = 4 Batf -/-individual mice/time point); and IL-17A measurements (n = 6 noT, n = 6 WT, and n = 6 Batf -/-individual mice/time point). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by 1-way ANOVA with Bonferroni's and Dunn's multiple comparisons post tests. ed GM-CSF deficiency alone significantly reduced systemic and intestinal GVHD by both endoscopic and histologic measurements ( Figure 10 , A-C, and Supplemental Figure 11A ). In addition, the total numbers of donor-derived cLP T cells were significantly lower in Csf2 -/-mice than in WT donor T cell-recipient mice ( Figure 10D ). Furthermore, the pool of Csf2 -/-T cells expressing IFN-γ and TNF-α, respectively, was diminished compared with the WT T cell pool ( Figure 10E and Supplemental Figure 11B ). In summary, these data fully reproduced and extended our results obtained with systemic antibody-mediated GM-CSF blockade, suggesting that IL-7-responsive GM-CSF2 + donor T cells directly mediate intestinal GVHD. Therefore, we reasoned that IL-7R hi GM-CSF2 + donor T cells might be sufficient to restore intestinal GVHD in Batf -/-donor T cell-treated mice. To directly test this hypothesis, we sort purified CD45.1 + IL-7R hi cLP T cells from mice with severe intestinal GVHD and transferred those T cells into mice that had received CD45. T cells, again indicating that hampered GM-CSF expression is due to a T cell-intrinsic, BATF-dependent mechanism. However, IL-7R hi cLP WT T cells significantly increased the absolute pool of GM-CSF-expressing T cells ( Figure 10I ). Together, these results show that IL-7R
hi GM-CSF-expressing cLP T cells are sufficient to mediate intestinal GVHD and are able to reestablish colitis in Batf -/-donor T cell-recipient mice.
9E). However, in contrast to the combined blockade of IL-7R and GM-CSF, IL-7R blockade alone failed to diminish both the absolute size of the GM-CSF + LP T cell pool in GVHD-affected mice ( Figure 9F ) and the total intestinal donor T cell numbers both upon and after GVHD onset (Supplemental Figure 10B and Figure 9G) . Finally, given the reduced Tem cell pool in the absence of BATF and the established role of IL-7 during the transition of regular effector cells to Tem cells (21) (22) (23) previously shown to potently promote GVHD (24), we wondered whether single or combined antibody-mediated IL-7R blockade restrained the donor-derived Tem cell pool. Interestingly, we found that the intestinal donor Tem cell pool was virtually indistinguishable between isotype control-treated mice and mice treated with the anti-IL-7R antibody alone ( Figure 9H ). This result largely excludes the possibility that anti-IL-7R treatment alone leads to an unselective and/or global depletion of Tem cells in the gut. However, combined inhibition of IL-7R and GM-CSF markedly reduced absolute Tem cell numbers, suggesting that a putatively indirect, though at least in part GM-CSF-driven, mechanism regulates the donor Tem cell pool in vivo. Collectively, these data suggest that, in addition to its role described in vitro, IL-7R signaling is involved in the regulation of GM-CSF + T cell formation in vivo. However, the magnitude and GVHD-mediating potential of the GM-CSF + T cell pool are further regulated by additional signals including GM-CSF itself.
IL-7R hi GM-CSF + cLP T cells are sufficient to elicit intestinal GVHD.
To directly demonstrate that T cells are the most relevant GM-CSF-producing source responsible for intestinal GVHD manifestation, we treated WT and Csf2 -/-donor T cell-recipient mice with IL-7R-blocking antibodies. Strikingly, T cell-restrict- Representative endoscopic (upper row) and histologic cross-sectional (lower row) images showing GVHD-associated colitis activity during established GVHD on day 27. Scatter plots summarize the pooled results of colonoscopy and histology scores for WT (n = 4) and Batf -/-(n = 5) T cell-recipient mice. Scale bars: 100 μm. (C) Histopathologic evaluation of GVHD-associated liver lesions (scatter plot) assesses portal inflammation of the liver, and representative images of histopathologic cross-sections are shown. Scale bars: 50 μm. Data represent the mean ± SEM. *P < 0.05, **P < 0.01, and ****P < 0.0001, by 2-sided, unpaired Student's t test. Collectively, the results presented in this study demonstrate that BATF drives intestinal, IL-7 signaling-responsive and GM-CSF-producing donor T cell formation, with an effector memory phenotype that promotes acute intestinal GVHD.
Discussion
T cells phenotypically defined as Th17 cells are widely distributed within inflamed tissues throughout the body (25) . The identification of Th17 cells and the discovery that Th17 cell-directed therapeutic strategies are highly effective to attenuate tissue inflammation have revolutionized the concepts of the pathogenesis of immune-mediated diseases (26) . The transcription factor BATF was shown to control Th17 cell differentiation and regulate inflammation-associated colon tumor formation (5, 6). In the context of alloreactivity-mediated tissue damage, Th17 cells have been implicated in playing a disease-promoting role, although this interpretation is not undisputed (11) (12) (13) (14) (15) . The contribution of BATF-dependent T cell responses in this setting has not been addressed.
First, we performed gene expression analyses and found that BATF expression is strongly induced within GVHD-affected colonic tissues derived from mice and humans undergoing allo-HCT. Given that BATF is predominately expressed by lymphoid lineages (6), we hypothesized that BATF-expressing T cells might contribute to this enhanced expression, prompting us to study the functional relevance of donor T cell-intrinsic BATF in GVHD manifestation. Here, using both complete MHC-and miHA-mismatched GVHD models, we demonstrate that BATF is indispensable for the manifestation of intestinal GVHD. While homing of Batf -/-T cells to the small intes- . Bar graph indicates donor T cell frequencies (n = 5 ROI/mouse; n = 6 mice/genotype). *P < 0.05, **P < 0.01, and ****P < 0.0001, by 2-sided, unpaired Student's t test (B-D and F) and 1-way ANOVA with Bonferroni's multiple comparisons post test (E).
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tine was described to be hampered under syngeneic conditions (9), we found the initial expansion and homing of alloreactive T cells to the cLP compartment to be largely unaffected in the absence of BATF. However, upon GVHD onset, the size of the donor colonic T cell population became increasingly BATF dependent. Hence, we reasoned that attenuated T cell proliferation might be secondary to the hampered T cell-intrinsic potential to induce and promote colitis. Interestingly, in addition to Th17 differentiation, we found that T cell-intrinsic GM-CSF and IL-6 expression of donor colonic T cells was highly dependent on BATF, while Th1 differentiation was . Representative contour plots and bar graph show the mean ± SEM (n = 7 mice). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by 2-sided, unpaired Student's t test (A-E) and 1-way ANOVA with Bonferroni's multiple comparisons post test (F). While pathogenic Th17 cells were shown to be driven by IL-23 (30), GM-CSF + T cell-promoting signals are less well defined. Recently, IL-7 was described to control the formation of murine GM-CSF + T cells in a STAT5-dependent manner (20, 31) . Importantly, we found that the IL-7-driven GM-CSF + T cell pool in vitro was diminished in the absence of BATF. In line with a functional role of IL-7-IL-7R interactions in regulating the GM-CSF + T cell pool also in vivo, we observed that anti-IL-7R-mediated blockade persistently reduced the fraction of GM-CSF + T cells within the donor T cell compartment. However, this treatment only transiently attenuated GVHD and failed to permanently restrain the absolute size of the GM-CSF + donor T cell pool. More pronounced GVHD-reducing effects resulting from IL-7/IL-7R blockade in vivo were reported by others and might be due to the continuous treatment regimen used in contrast to the transient anti-IL-7R antibody treatment method applied in our experimental setting (32) . However, even continuous blockade of the IL-7-IL-7R interaction led to improved thymus-dependent immune reconstitution when compared with the control antibody-treated group (32) . In line with this result, transient IL-7R blockade did not globally perturb intestinal T cell homeostasis. However, GVHD was sufficiently suppressed by a combined IL-7R and GM-CSF blockade, thus suggesting that a synergistic mechanism inhibits the formation, expansion, and functionality of intestinal GM-CSF + donor T cells. Importantly, studies using Csf2 -/-T cells confirmed that T cells themselves are the most important source of GM-CSF, as the reduction in intestinal GVHD mirrored the results obtained unaffected, as previously described (6) . Functional studies involving cytokine reconstitution experiments with Batf -/-donor T cellrecipient mice and cytokine inactivation studies using Csf2 -/-donor T cells clearly supported the idea that GM-CSF promotes the manifestation of GVHD-associated colitis. GM-CSF has been implicated as a critical T cell-derived effector cytokine that drives immunemediated diseases such as multiple sclerosis (27, 28) . Mechanistically, because of the absence of GM-CSF receptor expression by T cells themselves, it was suggested that the pathogenicity of T cellderived GM-CSF is largely mediated through the recruitment and activation of inflammatory antigen-presenting cells via the upregulation of IL-1β, IL-6, and IL-23 expression, thereby further invigorating the expansion and maintenance of GM-CSF + T cells in a positive feedback loop (27) (28) (29) . Consistent with a T cell-extrinsic, but GM-CSF-dependent, aggravation of GVHD, we found that the absence of T cell-intrinsic BATF expression and hence diminished GM-CSF + T cell numbers led to a reduced recruitment of myeloperoxidase-positive (MPO + ) myeloid cells to the gut. Despite the GVHD-aggravating effects exerted by GM-CSF alone, GVHD attenuation induced by BATF-deficient donor T cells exceeded the reduced GVHD severity observed in the absence of T cell-intrinsic GM-CSF expression. One explanation for this discrepancy might be our finding that Csf2 -/-, in contrast to Batf -/-, T cells are still able to express IL-6. In addition, IL-6 tissue expression levels in GVHD-affected colon were affected by T cellrestricted BATF, but not GM-CSF deficiency. Future studies need to further explore the functionality of IL-6 in these T cells. -/-(blue line and triangles), or no (noT, gray line) CD3 + donor T cells. Data from 2 independent experiments were pooled (n = 10 noT, n = 9 WT, and n = 13 Csf2 -/-mice). (F) Il6 gene expression levels were determined by qPCR analysis of colonic tissues 28 days after GVHD induction (C57Bl/6 in BALB/c), as described in C. Gene expression levels represent the normalized, relative fold-change of expression detected in noT mice (the expression level was arbitrarily set at 1). Bar graphs represent pooled data from 2 independent experiments (n = 9 noT; n = 8 WT, and n = 12 provides a mechanistic link between the IL-7-driven immune response and the occurrence of acute GVHD. GM-CSF has been shown to drive tissue inflammation in various immune-mediated disease models (40) . Importantly, our results demonstrate that in GVHD, donor T cell-derived GM-CSF itself promotes systemic and intestinal GVHD, especially after pathogenic donor T cell differentiation, and hence GVHD manifestation, have taken place. Given our data, we propose a model in which host tissuederived IL-7 (e.g., produced by intestinal epithelial cells [41, 42] , hepatocytes [43] , and hair follicle cells [44] ) critically instructs donor T cells under the T cell-intrinsic control of BATF to become IL-7R hi Tem cells that mediate intestinal GVHD at least in part by expressing GM-CSF. Hence, therapeutic targeting of the IL-7R/ BATF/GM-CSF axis might represent a future option to mitigate acute, life-threatening intestinal GVHD.
with systemic antibody-mediated GM-CSF neutralization. Finally, reconstitution studies functionally demonstrated that intestinal GVHD-derived IL-7R hi cLP T cells were able to reconstitute GVHD-associated colitis in Batf -/-donor T cell-treated mice. Collectively, our study identifies and characterizes a distinct T cell subpopulation that, in GVHD biology, exerts a thusfar unappreciated mechanism of tissue damage via IL-7-driven, BATF-dependent formation of IL-7R
hi GM-CSF + T cells. Interestingly, IL-7 has been repeatedly implicated in promoting T cell recovery after allo-HCT, and its value is currently being tested in clinical studies (33) (34) (35) . However, there is emerging evidence that IL-7 might cause more harm than benefit, given the positive association between elevated serum levels and acute GVHD development and relapse (32, (36) (37) (38) (39) . With the identification of IL-7R
hi GM-CSF + T cells as important drivers of GVHD, our study 
CD62L
-cLP T cells (Tem cells) of the indicated genotypes 28 days after GVHD induction (C57Bl/6 into BALB/c), as described in B, were assessed by flow cytometry. Bar graphs indicate the mean ± SEM (n = 7 WT mice and n = 4 Batf -/-mice). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by 1-way ANOVA with Bonferroni's multiple comparisons post test (A and B) and unpaired Student's t test (C-E). (Eppendorf) using a QuantiFast SYBR Green PCR Kit (QIAGEN) according to the manufacturers' instructions and as previously described (45) .
The following gene-specific primer sets to detect human transcripts were used: BATF, forward, 5′-GACAAGAGAGCCCAGAGGTG-3′, reverse, 5′-TTCTGTGTCTGCCTCTGTCG-3′; 18S ribosomal RNA, forward, 5′-ACCGATTGGATGGTTTAGTGAG-3′, reverse, 5′-CCTACG-GAAACCTTGTTACGAC-3′. Expression of BATF was normalized to 18S ribosomal RNA. The expression levels represent relative units and were calculated from a standard curve plotting 3 different concentrations of log dilutions against the PCR cycle number as previously described (45).
Methods
Human studies. Human colonic tissue biopsies (n = 52) were collected during colonoscopy of allo-HCT patients. Colonoscopies were performed at the Department of Hematology and Oncology and Gastroenterology of the University Hospital Regensburg. Upon removal, tissue was either stored at -80°C or directly conveyed for RNA isolation using an RNeasy Mini Kit (QIAGEN), followed by cDNA synthesis using Moloney murine leukemia virus reverse transcriptase (Promega) according to the manufacturers' instructions. Quantitative PCR (qPCR) analyses were performed on a Mastercyler Ep Realplex + cLP T cells 28 days after GVHD induction (C57Bl/6 into BALB/c), which were treated with isotype IgG antibody, anti-IL-7R antibody alone, or in combination with anti-GM-CSF antibody, as described in A. A representative experiment of 2 experiments is shown and involved WT isotype IgG (n = 7), WT anti-IL-7R (n = 8), and WT anti-GM-CSF/anti-IL-7R (n = 7) mice. Data in A-E represent the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by 2-sided, unpaired Student's t test (A) and 1-way ANOVA with Bonferroni's multiple comparisons post test (B-H). T cell depletion of BM cells was achieved using anti-CD90.2 magnetic microbeads (Miltenyi Biotec) according to the manufacturer's instructions and routinely yielded T cell frequencies of less than 2% of the initial population. Forty-eight hours after irradiation, mice received i.v. injections of 0.7 × 10 6 (complete MHC-mismatched model) or
In parallel, colonic tissue sections were analyzed for the presence or absence of histopathologic signs of intestinal GVHD during the clinical examination by a clinical pathologist trained in GVHD-associated gastrointestinal histopathology. Histopathologic scoring of colitis activity and the presence of GVHD-associated apoptotic events was performed as previously published (46) and as described in detail in the histology section below.
Mice. Female BALB/cJRj, Ly5. donor T cells (blue). Scale bars: 100 μm. **P < 0.01, ***P < 0.001, and ****P < 0.0001, by 2-sided, unpaired Student's t test. P values in G and H were also determined by 2-sided, unpaired Student's t test. taken with a confocal microscope (Leica SP 8) using the laser lines 405 nm, 488 nm, 552 nm, and 633 nm to excite Hoechst, CFSE, CTY, and Alexa Fluor 647, respectively. At least 5 independent regions of interest (ROI) per mouse were used to enumerate differentially labeled T cells homed and migrated to the cLP compartment.
In vivo administration of agonistic proteins or blocking antibodies during murine GVHD. Recombinant GM-CSF reconstitution studies were performed by daily i.p. administration of 150 ng recombinant, carrier-free mouse GM-CSF protein (BioLegend) dissolved in a volume of 100 μl, starting on day 5 and maintained until day 28. Controls were treated with sterile PBS (vehicle) alone.
For IL-7R blockade experiments, i.p. injections (300 μg/injection) of anti-mouse IL-7R antibody (clone A7R34; BioXcell) were given 3 times per week, starting on the day of BMT (day 1) until day 15, either alone or in combination with systemic GM-CSF neutralization by additional administration (300 μg/injection) of an anti-mouse GM-CSF antibody (MP1-22E9; BioXcell) administered 3 times per week throughout the experiment in a total volume of 100 μl. Control-treated mice received an isotype control rat IgG2a antibody (clone 2A3; BioXcell; 300 μg/injection) or vehicle alone (PBS) 3 times per week over the entire course of the experiment.
Reconstitution studies by adoptive donor T cell transfer. Histology. For the human studies, intestinal GVHD within colonic tissue samples from allo-HCT patients was graded histologically according to Lerner (54) . Lerner grade 0 was categorized as "no GVHD" versus any observed grades of GVHD. Apoptosis was semiquantitatively scored by 2 expert pathologists. The number of apoptotic cells per high-power field (HPF) was counted, and 0-1 apoptotic cells per HPF were scored as grade 0, whereas 2-4, 5-7, and more than 7 apoptotic cells per HPF were scored as grades 1, 2, and 3, respectively, and were hence considered positive for apoptosis. By this approach, occasionally occurring apoptotic events were not misinterpreted to be caused by or related to intestinal GVHD.
For the murine studies, the whole colon was removed, intensively flushed, and rinsed ex vivo to remove feces as described below. Parts of the distal colon and the liver were fixed in 4.5% formaldehyde, dehydrated in alcohol, and embedded in paraffin. Sections were cut at a thickness of 3 μm. For pathological analysis, colon and liver sections were stained with H&E using a standard protocol. Cross-sections were evaluated on a Zeiss Axio Imager.A1 microscope. Histomorphological changes were assessed in a blinded manner by clinically trained pathologists experienced in murine histopathologic studies. The histology scores reflect the degree of colonic tissue inflammation assessed semiquantitatively within a well-oriented, representative area of each sample, as previously described (55) Clinical GVHD scores were assessed every other day and included 6 parameters: body weight, posture, activity, skin and fur texture, and stool consistency. The severity of the individual parameters was scored on a range from 0 for no manifestation to 2 for severe manifestation. If an individual mouse reached a combined disease score above 8, the mouse was euthanized (49, 50) .
In vivo bioluminescence imaging. In vivo bioluminescence imaging (BLI) was performed as previously described (51) . In brief, 10 minutes after i.p. injection of 100 μl VivoGlo Luciferin (1.5 mg/ml; Promega) into mice that were GVHD prone as a result of adoptive transfer of allogeneic C57Bl/6 donor T cells transgenically expressing luciferase under the control of the ubiquitin promoter, bioluminescence over the abdominal region was recorded over a period of 5 minutes using an IVIS Lumina II charge-coupled imaging system (Caliper Life Science, PerkinElmer) every 3 to 4 days, beginning 4 days after irradiation. During the procedure, animals were anesthetized via inhalation of ambient air supplemented with 3 % isoflurane. Images were further analyzed and processed using Living Image Software 2.5 (Caliper Life Science, PerkinElmer).
Mouse colonoscopy. Macroscopic assessment of the murine colon was performed using an Image 1 S3 Mini-Endoscope (Karl Storz) as previously described (52) . The procedure was performed on mice that were anesthetized by inhalation of ambient air supplemented with 3% isoflurane. Colitis activity was determined by applying a modified murine endoscopic score of colitis severity (MEICS) assessing thickening of the bowel wall, changes in vascularity, granularity of the mucosal surface, and stool consistency, with each scored from 0 to 3, with a maximum total score of 12, as previously described (5) .
Adoptive transfer with intravital confocal microscopy. Intravital confocal microscopy analyses upon adoptive transfer of T cells were performed according to a previously published study (53 RPMI 1640 medium (10% FCS, 1% penicillin-streptomycin, 1% nonessential amino acids, 1% L-glutamine, and 0.1 % β-mercaptoethanol) and activated with 10 μg/ml plate-bound anti-CD3 (clone 145-2C11; BioXcell) and 1 μg/ml soluble anti-CD28 (clone 37.51; BioXcell) antibodies. T cell cultures were additionally supplemented with 10 μg/ml soluble anti-IFN-γ (clone XMG1.2; BioXcell) antibody, either alone or together with 2 ng/ml recombinant IL-7 (rIL-7) (R&D Systems). On days 3 and 5, respectively, 10 6 T cells/ml were replated in the presence of complete RPMI 1640 medium supplemented with either anti-IFN-γ (10 μg/ml) antibody alone or in combination with rIL-7 (2 ng/ml).
Intracellular cytokine staining. Isolated cLP cells and in vitrodifferentiated CD4
+ T cells, respectively, were extensively washed, and then 10 6 cells/ml were cultured in supplemented DMEM medium (containing 10% FCS, 1% penicillin-streptomycin, 1% nonessential amino acids, 1% L-glutamine, and 0.1 % β-mercaptoethanol) in the presence or absence of 50 ng/ml PMA and 1 μM ionomycin for 4 hours. Brefeldin A (1 μg/ml) was added for the last 3 hours of culturing (all purchased from Sigma Aldrich). After staining of extracellular proteins with fluorochrome-labeled antibodies, intracellular cytokine staining was performed as previously described (6) . In brief, cells were fixed through incubation with a fixation buffer containing 2% paraformaldehyde (PFA) for 15 minutes at room temperature. After additional washing steps to remove excess PFA, cells were permeabilized by sequential washing steps in FACS buffer containing 0.05 % saponin (Sigma Aldrich), followed by intracellular cytokine staining (30 min) with fluorochrome-labeled anti-cytokine antibodies dissolved in FACS buffer containing 0.5 % saponin. Serum cytokine analysis. Blood was collected by cheek puncture after BMT. Sera were generated by whole-blood centrifugation, followed by quantification of IL-6, IL-17A, IFN-γ, and TNF-α sera levels using a cytometric bead array (CBA) with a BD Enhanced Sensitivity CBA Mouse Flex Set system, a CBA Mouse Flex Set system, and a BD Mouse Th1/Th2/Th17 Cytokine Kit (BD Biosciences), respectively, according to the manufacturer's instructions. Samples were run on FACSCanto II and FACS Fortessa II flow cytometers. Data were analyzed using FCAP Array, version 3.0.1 software (BD Biosciences).
Isolation of RNA and cDNA synthesis. Total RNA was isolated from flow cytometry-sorted donor cLP-resident CD4 + T cells using an RNeasy Micro Kit (QIAGEN) or from whole colon tissue using the NucleoSpin RNA Isolation Kit (Macherey Nagel). cDNA was generated using the iScript cDNA Synthesis Kit (Bio-Rad) according to the manufacturer's instructions. For qPCR analysis, iQ SYBR Green Supermix (Bio-Rad) was used according to the manufacturer's instructions. signs); 1 (mild signs); 2 (moderate signs); or 3 (severe signs). Microscopic visualization of hepatic GVHD manifestation was scored from 0 to 3 by assessing inflammation-and bile duct-associated lesions, respectively, as previously described (55) .
Immunohistochemistry. Immunohistochemical analysis was performed on formalin-fixed and deparaffinized tissue sections from the distal mouse colon using the tyramide signal amplification (TSA) Cy3 System (PerkinElmer), as recommended by the manufacturer and as described previously (56) . In brief, for antigen retrieval, sections were treated for 20 minutes with heated citrate buffer (10 mM, pH 6). Then, tissue sections were blocked with Protein Block, Serum-Free (product X090930-2; Dako). The primary antibody rabbit anti-MPO (ab9535; Abcam) was used at a 1:200 dilution in 2% BSA with TBST and incubated overnight at 4°C. The biotinylated secondary goat anti-rabbit antibody (58-065-144; Dianova) was used at a 1:1,000 dilution. Nuclei counterstaining was performed with Hoechst 33342 (Molecular Probes) in a 1:5,000 dilution. Images were recorded using the Leica DMI 4000 B fluorescence microscope.
For quantification of MPO + cells, representative colonic tissue areas were identified, and images under ×400 magnification representing a HPF were recorded. Collectively, images of 8 mice derived from at least 3 independent experiments per group were taken, followed by enumeration of the number of MPO + cells per HPF by an experienced scientist blinded to the origin and source of the scored images.
Isolation of cLP T cells. After mice were sacrificed, colon specimens were removed, flushed, and rinsed with PBS to remove feces, and then cut into small pieces and again washed using HBSS supplemented with 1% EDTA (0.5 mM). After this, colonic tissues were digested with DNase I (0.5 mg/ml), collagenase D (1 mg/ml) and dispase II (6 Units/ ml) solution (all from Roche) containing 5% FCS. Next, digested colonic tissue was further subjected to a density centrifugation step with 80% and 40% Easycoll (Biochrom) in order to separate and isolate the LP cell fraction, followed by additional washing steps using cell culture media.
Flow cytometry and cell sorting. Mononuclear single-cell or T cell suspensions were stained with the following multicolor antibody panels for surface proteins and intracellular cytokines: anti-CD3ε (clone 145-2C11; eBioscience); anti-CD4 (clone GK1.5; BD Biosciences); anti-CD8 (clone 53-6.7; BD Biosciences); anti-CD19 (clone MB19-1; eBioscience); anti-CD25 (clone PC61.5; eBioscience); anti-CD45.1 (clone A20; BD Biosciences); anti-CD69 (clone H1.2F3; BD Biosciences); anti-CD3 (clone 17A2; BioLegend); anti-CD4 (GK 1.5; BioLegend); anti-CD8a (clone 53-6.7; BioLegend); anti-CD45.1 (clone A20; BioLegend); anti-CD45. ed human colonic tissue samples, performed analyses related to human colon biopsies, and helped with the interpretation and critical discussion of the results. SRJ, SW, GFW, SV, and AB provided critical reagents and mice and helped with the interpretation of the results. MBH and TL performed histopathologic analyses. SZ performed intravital confocal microscopy studies with the help of TV. MFN and AM provided critical advice and helped with the interpretation and critical discussion of the results. KH and EU designed the study, performed analyses, and interpreted results. KH directed the study and wrote the manuscript, with contributions from all authors.
